Hantaan Virus Enters Cells by Clathrin-Dependent Receptor-Mediated Endocytosis  by Jin, Mirim et al.
Virology 294, 60–69 (2002)
onHantaan Virus Enters Cells by Clathrin-Dependent Receptor-Mediated Endocytosis
Mirim Jin,* Junghyun Park,* Sungwook Lee,* Boyoun Park,* Jinwook Shin,* Ki-Joon Song,† Tae-In Ahn,‡
Sue-Yun Hwang,§ Byung-Yoon Ahn,* and Kwangseog Ahn*,1
*Division of Life Science and Graduate School of Biotechnology and †Department of Microbiology, College of Medicine, Korea University,
Seoul 136-701, Korea; ‡Division of Life Science, Seoul National University, Seoul, Korea; and §Research Institute of Immunobiology,
Catholic Institutes of Medical Science, The Catholic University of Korea, Seoul, Korea
Received September 19, 2001; returned to author for revision October 26, 2001; accepted November 15, 2001
The cellular entry of Hantaan virus (HTN) occurs through interactions with 3 integrins as cellular receptors. However, the
process of HTN infection following attachment to the cell surface is not well understood. Our data indicate that overexpression
of a dominant-negative mutant dynamin inhibits HTN internalization and that compounds that block clathrin- but not caveolae-
dependent endocytosis also reduce HTN infectivity. In addition, we show that HTN colocalizes with the clathrin heavy chain but
not with caveolae. At the early phase of infection HTN colocalizes with EEA-1, an early endosome marker, and later, HTN
colocalizes with LAMP-1, a lysosomemarker. Cells treated with lysosomotropic agents are largely resistant to infection, suggesting
that a low-pH-dependent step is required for HTN infection. These findings demonstrate that HTN enters cells via the clathrin-compa
ocytosINTRODUCTION
Hantaan virus (HTN), a prototypic member of the Han-
tavirus genus of the Bunyaviridae family, is a causative
agent for Korean hemorrhagic fever with renal syndrome,
which is characterized by fever, vascular hemorrhage,
and renal dysfunction (Ko, 1992; Lee et al., 1982; Lee et
al., 1983). This disease is one of the most severe hem-
orrhagic diseases worldwide, an important public health
concern because of its high mortality rate. HTN is known
to spread by aerosolized excreta of specific rodents, and
human infections occur upon close contact with the
natural host, the field mouse Apodemus agraricus. HTN
is enveloped and contains a tripartite negative-stranded
RNA genome. The gene segments L, M, and S encode
the viral RNA polymerase, two integral membrane sur-
face glycoproteins (G1 and G2), and the nucleocapsid
protein (N), respectively (Arikawa et al., 1990; Schmal-
john and Dalrymple, 1983). In both animals and humans,
hantavirus predominantly infects and replicates in endo-
thelial cells, macrophages, kidney glomerula, and epi-
thelial cells (Pensiero et al., 1992). Recent studies have
shown that early entry of HTN into cells involves its
attachment to the cell surface receptor, the 3 integrin
(Gavrilovskaya et al., 1998, 1999). Following attachment,
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60HTN must penetrate the plasma membrane and target its
genome to the proper cellular compartments.
At present, at least two distinct internalization path-
ways for receptor-mediated virus endocytosis are sug-
gested: one pathway via clathrin-coated pits and the
other pathway via caveolae. It remains unclear whether
HTN enters cells by a clathrin-dependent pathway or by
a caveola-dependent pathway. Clathrin coats are known
to be involved in receptor-mediated and fluid-phase en-
docytosis from plasma membranes to early endosomes
as well as transport from the trans-Golgi network to
endosomes (Schmid, 1997). Enveloped or nonenveloped
viruses, such as influenza virus, adenovirus, canine par-
vovirus, and human polyomavirus JC virus, seemingly
use the clathrin-dependent pathway for infection (Bartlett
et al., 2000; Parker and Parrish, 2000; Pho et al., 2000;
Roy et al., 2000). Caveolae are small flask-shaped invagi-
nations of the plasma membrane, characterized by high
levels of cholesterol and glycosphingolipids and also by
the presence of caveolin, an integral membrane protein
of 20 to 24 kDa. One example of a virus that enters cells
via caveolae is Simian virus 40 (Pelkmans et al., 2001).
The fission and budding of both clathrin- and caveolae-
coated vesicles requires the GTPase activity of dynamin
(Oh et al., 1998; van der Bliek et al., 1993), a cytosolic
protein of 100 kDa. The expression of dominant-nega-
tive dynamin mutants, formed by a substitution mutation
of lysine to alanine (K44A) in the GTP binding site, inhib-
its the formation of clathrin-coated pits and the budding
of caveolae-coated vesicles (Baba et al., 1995; Damke etcoated pit pathway and uses low-pH-dependent intracellular
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Viruses that are taken into cells by receptor-
mediated endocytosis are trafficked to either acidic or
nonacidic compartments (Pelkmans et al., 2001). The
acidic condition in endosomes triggers the reactions
that lead to fusion between the viral and the endoso-
mal membranes (Helenius and Marsh, 1982). For ex-
ample, influenza virus and Semliki Forest virus require
an endosomal pH of less than 6.0 to cause their
glycoprotein spike complexes to undergo the confor-
mational changes that are needed for fusion of the
viral envelope with the cellular membrane (Edwards
and Brown, 1991; Schmid et al., 1989; Yoshimura et al.,
1982). Internalization through the endocytic pathway
usually results in the delivery of ligands to the hydro-
lytic compartment of lysosomes, an environment in
which ligands are rapidly inactivated and degraded
(Marsh et al., 1982). Here we use a variety of ap-
proaches to define the endocytosis and infection path-
way of HTN into cells. Our results indicate that cyto-
solic GTPase-active dynamin is critical for the entry of
HTN. Agents that disrupt clathrin-dependent, receptor-
mediated endocytosis inhibit infection of cells by HTN.
In contrast, agents that inhibit the caveolae-dependent
endocytosis pathway have no effect on entry of HTN.
In addition, on the basis of the observed colocalization
of HTN with markers, we demonstrate that shortly after
uptake, HTN particles are delivered to endosomes and
later to lysosomes, suggesting that these intracellular
compartments participate in the life cycle of HTN.
RESULTS
Dynamin is required for HTN entry
Two major internalization pathways, clathrin-mediated
endocytosis and caveolae-dependent endocytosis, re-
quire dynamin (Damke et al., 1994; Oh et al., 1998). We
used a dynamin mutant to examine the involvement of
dynamin in HTN entry. For these experiments, we used
HeLa cells that had been stably transfected with either
wild-type or dominant-negative (K44A) dynamin (van der
Bliek et al., 1993). For both dynamin-expressing cell lines,
dynamin is tagged with an influenza virus HA epitope,
and expression of dynamin is controlled by a tetracy-
cline-inducible promoter (Gossen and Bujard, 1992).
Upon removal of tetracycline from the growth medium,
cells are induced to express wild-type or mutant dy-
namin (Fig. 1A), both of which can be detected via the
HA tag.
We examined whether blocking the endocytic pathway
in HeLa cells by expression of dynamin K44A would
prevent infection by HTN. Transferrin uptake was used
as a marker of dynamin-mediated endocytosis (Damke et
al., 1994). After 10 min at 37°C, Texas red-conjugated
transferrin was predominantly observed in the perinu-
clear region in uninduced cells, whereas in the dynamin
K44A-expressing cells it remained mostly at the cell
surface (data not shown). These results indicate that
dynamin K44A inhibited dynamin-mediated endocytosis
in the induced cells. Next, we compared the efficiency of
HTN infection of dynamin K44A-expressing cells to the
efficiency of infection in uninduced and induced wild-
type dynamin-expressing cells. At 30 h postinfection,
HTN-infected HeLa cells were stained with anti-nucleo-
capsid antibody and then evaluated for infection by
counting the HTN-positive cells. For each case, about
900 cells were scored. We found that between 45 and
60% of the uninduced K44A cells became infected, while
the dynamin K44A-expressing cultures had 60% fewer
infected cells on average than the uninduced cultures
(Fig. 1B), similar to what has been reported for adenovi-
rus infection of HeLa cells (Wang et al., 1998). Taking into
account the possibility that some of cell population
would be in the S phase of the cell cycle in the unin-
duced cells, which would reduce the number of cells
permissive for viral replication, we estimate that a 60%
reduction is still significant. In contrast, there was no
significant difference in the infection rate of induced and
uninduced wild-type dynamin-expressing cells. Notable
is that at best 70% of the HeLa cells became infected
even at a multiplicity of infection (m.o.i.) of 10. These
results suggest that HTN enters cells via dynamin-medi-
ated endocytosis.
FIG. 1. HTN enters cells by dynamin-required endocytosis. (A) West-
ern blot analysis of dynamin expression. HeLa cells stably transfected
with the HA epitope-tagged wild-type or K44A dynamin mutant were
cultured in the presence () or absence () of tetracycline for 48 h. (B)
Dynamin dependence of HTN infection. Wild-type and K44A dynamin
stable cells grown with or without tetracycline for 48 h were inoculated
with HTN, and the percentage of infected cells was assayed after 30 h
by anti-nucleocapsid staining and immunofluorescence microscopy.
The results are expressed as the percentage of cells infected in the
induced culture relative to the percentage of cells infected in unin-
duced cultures. The average and standard deviation of three indepen-
dent experiments are shown.
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HTN entry is mediated by clathrin-dependent
endocytosis but not by caveolae-mediated
endocytosis
To determine whether HTN enters cells by a clathrin-
or a caveolae-dependent pathway, Vero E6 cells were
treated with drugs or subjected to conditions that selec-
tively inhibit each of these pathways. Both chlorproma-
zine and hypertonicity have been shown to inhibit clath-
rin-dependent endocytosis (Okamoto et al., 2000; Pho et
al., 2000). Since the internalization of transferrin by clath-
rin-dependent receptor-mediated endocytosis is well
known, as a control, we analyzed the uptake of fluores-
cein isothiocyanate (FITC)-conjugated transferrin into
Vero E6 cells with either chlorpromazine or a high con-
centration of sucrose. Internalization of transferrin re-
sults in a characteristic punctate pattern of cytoplasmic
staining (Killisch et al., 1992). As expected, treatment with
chlorpromazine (5 g/ml for 30 min) or sucrose (0.45 M
for 10 min) inhibited the uptake of FITC-conjugated trans-
ferrin in the cells (Fig. 2A, b and d, respectively). Under
the same condition that disrupts the clathrin-dependent
pathway, cells were infected with HTN, and 30 h postin-
fection, expression of the HTN nucleocapsid antigen
was analyzed by immunofluorescence microscopy.
Treatment of cells with chlorpromazine or sucrose sig-
nificantly reduced the number of infected cells (Fig. 2B).
Moreover, we observed that addition of chlorpromazine
or sucrose 30 min postinfection did not affect the number
of HTN-infected cells, indicating that the blocking effects
of these drugs occur at an early step in the entry pathway
(data not shown). In the cases of both chlorpromazine
and sucrose, however, the inhibition was not complete.
To confirm these results and to provide direct and quan-
titative evidence for the involvement of clathrin in HTN
endocytosis, we compared the total amount of cellular
nucleocapsid proteins in infected cells in the absence
and presence of the drugs. Quantification of the proteins
by Western blot analysis revealed that the total amount of
nucleocapsid proteins obtained from the infected cells in
the presence of drugs was three- to fivefold less than the
amount obtained from cells without drug treatment (Fig.
2C, top). Endogenous -actin was included as an inter-
nal loading control for the Western blot (bottom). To-
gether with the results in Fig. 2B, these data suggest that
clathrin-mediated endocytosis might be the predominant
pathway for the entry of HTN, although we cannot ex-
clude other clathrin-independent mechanisms.
Treatment of Vero E6 cells with phorbol 12-myristate
13-acetate (PMA) and filipin, both known inhibitors of
caveola-dependent endocytosis (Anderson et al., 1996;
Schnitzer et al., 1994), had no significant effect on infec-
tion by HTN. Consistent with the findings of a previous
study (Skretting et al., 1999), the entry of the cholera toxin
B subunit, a well-known marker of the caveolae-depen-
dent pathway, was blocked in the presence of 10 M
PMA or filipin (1 g/ml) for 45 min (Fig. 3A, b and d,
respectively). However, using these same conditions for
drug treatment, we could detect no significant difference
in HTN internalization between treated and untreated
cells (Fig. 3B). Also, as shown in Fig. 3C, the total
amounts of nucleocapsid proteins that could be detected
in untreated cells and cells treated with PMA or filipin did
FIG. 2. HTN entry is mediated by the clathrin-dependent pathway. (A)
Clathrin-dependent internalization of FITC-conjugated transferrin was
visualized in Vero E6 cells that were either untreated (a, c) or treated
with chlorpromazine (5 g/ml) (b) or with 0.45 M sucrose (d). (B) HTN
entry is inhibited by chlorpromazine or sucrose. Vero E6 cells, un-
treated or pretreated with chlorpromazine (CPM) or sucrose, were
infected with HTN at 37°C for 45 min. The remaining viruses were
neutralized by the addition of rat anti-HTN antiserum. At 30 h postin-
fection, infected cells were identified by immunofluorescence by direct
inspection of the coverslips. The percentage of infected cells was
calculated by scoring infected/uninfected; in most cases, at least 900
cells were scored per experimental point. (C) Quantitative analysis of
inhibition of HTN entry. Under the same conditions as described for B,
Vero E6 cells were lysed and the nucleocapsid protein of HTN was
detected by Western blot analysis. The expression of endogenous
-actin was used as the internal loading control.
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not differ. These data suggest that HTN does not use a
caveolae-dependent pathway for entry.
Colocalization of HTN and the clathrin-dependent
endocytic pathway
To confirm the involvement of clathrin-coated pits in
HTN entry, we examined the colocalization of HTN and
the clathrin heavy chain by double-immunofluorescence
staining and confocal microscopy. We incubated HTN
with cells at 4°C for 1 h, a condition in which virus binds
to the cell surface but does not enter the cells. Neither
the uninfected cells (Fig. 4A, top) nor the cells (data not
shown) stained only with secondary antibody after infec-
tion with HTN showed any FITC staining. However, upon
incubation with HTN, colocalization of the FITC-conju-
gated nucleocapsid protein and the Texas red-conju-
gated clathrin heavy chain was observed, with colocal-
ization appearing yellow by digital overlay of both images
(Fig. 4A, bottom).
To further clarify the involvement of the clathrin-medi-
ated entry pathway for HTN, we infected Vero E6 cells
with a high titer of HTN (m.o.i. of 100 to 1,000), added
Texas red-conjugated transferrin to the medium, and
examined the localization of virus and transferrin. Both
FITC-conjugated virus particles and Texas red-conju-
gated transferrin could be seen in a small punctate
pattern of staining within the cytoplasm. An overlay of the
red and green channels showed that HTN colocalized
with transferrin (Fig. 4B), suggesting that HTN and trans-
ferrin coexist in the same endocytic compartments. In
contrast, no colocalization was found between HTN and
cholera toxin B subunit, a marker of the caveloae-depen-
dent pathway (Fig. 4C). These results provide additional
support that HTN entry into cells takes place through
clathrin-coated pits.
HTN requires passage through distinct acidic
compartments for infectious entry
It is generally accepted that internalized virions pene-
trate the cytoplasm by fusing with the membranes of
endosomes or lysosomes (Gruenberg and Howell, 1989).
To determine whether internalized HTN is also targeted
to endosomes, we infected Vero E6 cells with HTN. At 90
min after infection, we double-immunostained HTN par-
ticles and the endosome marker EEA-1 with FITC and
Texas red, respectively (Wilson et al., 2000), and ana-
lyzed cells by confocal microscopy. Both FITC-stained
HTN and Texas red-stained EEA-1 exhibited a punctate
staining pattern. An overlay of the green and red chan-
nels indicated that HTN substantially colocalized with
EEA-1 in endosomes (Fig. 5A).
In an effort to reveal the intracellular trafficking of HTN
after entry, we examined whether the virions that fused
with endosomes are targeted to lysosomes, which is the
case for some viruses (Miyazawa et al., 2001). HTN-
infected Vero E6 epithelial cells were double-labeled
with anti-HTN nucleocapsid and anti-LAMP-1 antibodies,
late endosome or lysosome markers (Tabuchi et al.,
2000). At 4 h postinfection HTN-infected Vero E6 cells
labeled with the FITC-stained anti-nucleocapsid antibody
showed a perinuclear punctate pattern (Fig. 5B, top),
whereas no specific fluorescence was detected in mock-
infected cells (data not shown). Cytoplasmic staining
with a distinct punctate pattern was observed for Texas
red-labeled LAMP-1. The superposition of the two im-
ages showed that HTN nucleocapsid proteins colocal-
ized with LAMP-1 at 4 h postinfection (Fig. 5B, top). We
believe that the nucleocapsid proteins detected at this
FIG. 3. HTN entry is not mediated by the caveolae-dependent path-
way. Caveolae-dependent endocytosis of FITC-conjugated cholera
toxin was visualized in Vero E6 cells that were either untreated (a, c) or
treated with filipin (1 g/ml) (b) or with PMA (10 M) (d). (B) HTN entry
is not inhibited by filipin or PMA. The same procedures were followed
as described for Fig. 2. (C) Quantitative analysis of inhibition of HTN
entry by filipin or PMA.
63ENTRY OF HANTAAN VIRUS
time point were derived from internalized HTN particles
but not from synthesis after infection. A time-course
study of the synthesis of nucleocapsid proteins clearly
showed that radiolabeled nucleocapsid proteins could
not be detected until 6 h after infection (Fig. 5D), which
generally agrees with a previous study showing that the
synthesis of viral proteins of HTN does not occur until
approximately 6 h after infection (Elliott et al., 1984). To
confirm that late endosome or lysosomal targeting of
internalized HTN also occurs in other cell types, we
performed essentially the same experiments using hu-
man umbilical vein endothelial cells (HUVECs), a primary
endothelial cell line that is also permissive to HTN infec-
tion (Pensiero et al., 1992). Similar to our results in Vero
E6 epithelial cells, the nucleocapsid protein and LAMP-1
lysosome marker were colocalized in lysosomes (Fig. 5B,
top), suggesting that the route of HTN trafficking to late
endosomes or lysosomes is not cell-type specific but
rather is conserved among cell types. Noteworthy, at
24 h postinfection, the late endosomal or lysosomal
staining pattern was largely modified in size and shape,
and the nucleocapsid proteins were exclusively concen-
trated on lysosomes in perinuclear regions (Fig. 5C). In
view of the expression profile of nucleocapsid proteins
as shown in Fig. 5D, we believe that the nucleocapsid
species detected by immunostaining at 24 h postinfec-
tion were synthesized after viral replication. These data
suggest that at late times of infection, the newly synthe-
sized nucleocapsid proteins also localize to late endo-
somes or lysosomes.
FIG. 4. (A) Colocalization of HTN and the clathrin heavy chain.
Double-immunofluorescence labeling of clathrin heavy chain and HTN
in Vero E6 cells after incubation with HTN at 4°C for 1 h. Confocal
microscopy photographs of HTN (left), clathrin (middle), and combined
FITC and Texas red channels (right). Arrowheads mark the colocaliza-
tion of HTN and clathrin in the plasma membrane. Colocalization of
HTN and transferrin (B) or cholera toxin B subunit (C). For direct
evaluation of endocytosis of HTN, 104 Vero E6 cells were grown on
coverslips and incubated with 106 to 107 HTN in the presence of Texas
red-labeled transferrin or Texas red-labeled cholera toxin B subunit at
4°C for 1 h. Endocytosis was initiated by shifting cells to 37°C for 30
min. Arrows mark the colocalization of HTN and transferrin within the
same endosomal compartment.
FIG. 5. (A) Localization of HTN in early endosomes. The intracellular
compartment to which HTN is targeted after uptake was directly de-
termined by simultaneously probing cells with anti-HTN rat antiserum
and anti-EEA-1 rabbit antiserum at 90 min postinfection. Bound anti-
body was traced with FITC-conjugated goat anti-rat antibody (left) or
Texas red-conjugated goat anti-rabbit antibody (middle). (B) Colocal-
ization of HTN and LAMP-1 in Vero E6 cells (top) or in HUVECs
(bottom). At 4 h postinfection, the cells were probed with anti-HTN
nucleocapsid antibody and anti-LAMP-1 antibody followed by appro-
priate secondary antibodies. (C) Colocalization of the expressed HTN
nucleocapsid and LAMP-1 at 24 h postinfection. (D) Time-dependent
expression profile of HTN nucleocapsid proteins. At the indicated time
points postinfection, HTN-infected Vero E6 cells were labeled with
[35S]methionine for 1 h postinfection. Cell lysates were immunoprecipi-
tated with the anti-HTN nucleocapsid antibody.
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To explore the biological importance of HTN targeting
to late endosomes or lysosomes, we examined whether
involvement of an acidic compartment is required for
HTN infection by pretreating Vero E6 cells with NH4Cl or
chloroquine. These drugs, within several minutes of
treating cells, are known to raise the pH of intracellular
organelles and to inhibit low-pH-dependent endosomal
fusion. To maintain the neutralized pH of the endosome,
we infected cells in the presence of these compounds for
45 min at 37°C. Any remaining virus was neutralized with
antibodies, and the cells were further incubated at 37°C
for 30 h. Cells were assayed for productive entry by
counting the number of nucleocapsid-expressing cells.
Treatment with 100 M NH4Cl inhibited HTN infection by
90%, and inhibition was concentration-dependent (Ta-
ble 1). In particular, treatment with 100 M chloroquine
completely blocked the expression of the nucleocapsid
protein in Vero E6 epithelial cells. Treatment of cells with
these concentrations did not affect the integrity or viabil-
ity of the cells (data not shown). In total, these results
demonstrate the exclusive localization of HTN in endo-
somes or lysosomes and requirement of intracellular
acidic compartments for HTN infection.
DISCUSSION
In this study we have defined the previously unchar-
acterized mechanisms of HTN entry and its subsequent
intracellular endocytic pathways. We demonstrated that
uptake of HTN from the plasma membrane occurs via
dynamin-dependent endocytosis, as shown by the strong
inhibition of HTN uptake by overexpression of the dom-
inant-negative dynamin K44A mutant. Our results also
showed that HTN rapidly enters into an antibody neutral-
ization-resistant compartment within 30 min postadsorp-
tion. Rapid uptake of ligands is characteristic of clathrin-
mediated endocytosis (Mellman, 1996). The fast internal-
ization kinetics in conjunction with dynamin-dependent
entry strongly support that HTN is internalized by recep-
tor-mediated endocytosis but not by direct fusion with
the plasma membrane.
Using pharmacological agents and colocalization as-
says, we asked whether HTN infects cells by clathrin- or
by caveolae-dependent endocytosis. We used the drug
chlorpromazine and high concentrations of sucrose to
inhibit clathrin-dependent endocytosis, and we used
PMA and filipin to inhibit caveolae-dependent endocyto-
sis. Chlorpromazine inhibits the clathrin-dependent path-
way by reducing the number of coated-pit-associated
receptors at the cell surface and by causing the accu-
mulation of clathrin and AP-2 in an endosomal compart-
ment (Sofer and Futerman, 1995). Hypertonicity induced
by sucrose dissociates clathrin by depleting the pool of
K ions (Heuser and Anderson, 1989). Under these drug
treatments, HTN infection was inhibited, and at 30 h
postinfection, expression of the nucleocapsid protein
was not observed, supporting the idea that HTN entry
takes place through the clathrin-mediated route. In con-
trast, neither PMA nor filipin inhibited infectious entry of
HTN. We do not exclude the possibility that many other
effects on the cell could occur during drug treatment. The
contrasting effects of drugs on the HTN entry, however,
validate the selectivity of their action. Therefore, we have
concluded that entry of HTN proceeds by clathrin-depen-
dent but not by caveolae-dependent endocytosis. This
conclusion is further supported by the finding that HTN
largely colocalizes with clathrin but not with caveolae.
Noncolocalized HTN particles might exist as vesicles
without coated clathrin in the inner part of cytoplasm.
Since only a few minutes are required for the clathrin
coat to wrap around vesicles and pinch off, it looks as if
every particle cannot be colocalized with clathrin.
As a putative HTN receptor, the 3 integrin has the
tyrosine-based motif YXX at amino acid positions 763
to 766 (where X is any amino acid and is an amino acid
with a bulky hydrophobic residue), which has been
shown to be necessary for localizing certain receptors to
coated pits (Mellman, 1996; Trowbridge et al., 1993). This
motif might mediate the direct association of the AP-2
adaptor complexes, which in turn are connected to the
clathrin-based triskelion. In support of this concept, ad-
enovirus, coxsackievirus A9, and human parenchovirus
1, which are known to be internalized via the clathrin-
dependent pathway (Huang et al., 1996; Roivainen et al.,
1994), use the v3 integrin for entry (Duan et al., 1999;
Joki-Korpela et al., 2001; Wang et al., 1998). Although
further studies are necessary to determine if this ty-
rosine-based motif in the 3 integrin mediates HTN up-
take into clathrin-coated pits, our findings indicate that
HTN enters cells by the receptor-mediated and clathrin-
dependent coated pit pathway.
After attachment to the receptor, the virus enters the
host cell, and uncoating and release of the viral genome
follow. Early endosomes are a major sorting compart-
ment from which ligands may be released and trans-
ported to lysosomes and receptors recycled to the
plasma membrane or from which ligand–receptor com-
TABLE 1
Effect of NH4Cl and Chloroquine on HTN Infection
Drug % HTN nucleocapsid-positive cells
No treatment 28.8
NH4Cl (50 M) 9.8
NH4Cl (100 M) 3.6
Chloroquine (100 M) 0
Note. The effects of lysosomotropic agents were quantified as the
percentage of cells expressing nucleocapsid protein at 30 h postinfec-
tion. Cells were pretreated with NH4Cl and chloroquine for 30 min and
infected with HTN in the presence or absence of agents. The results
are expressed as the percentage of nucleocapsid protein-positive
cells.
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plexes are transported to lysosomes (Luzio et al., 2000).
A ligand, dissociated by low endosomal pH, may be
confined to the main body of endosomes and follow a
nonselective default pathway to late endosomes and
lysosomes. The underlying mechanisms of intracellular
fusion and the intracellular site for HTN replication cur-
rently remain elusive. The only membrane fusion prop-
erties to be studied were of the La Crosse virus, also a
member of the family Bunyaviridae. After exposure to an
acidic environment in vitro (Pekosz and Gonzalez-
Scarano, 1996), the G1 protein of the La Crosse virus
undergoes a conformational change, and the small gly-
coprotein G2 becomes more susceptible to cleavage by
proteases, a process that is reminiscent of an endoso-
mal occurrence. EEA-1 is a 180-kDa peripheral mem-
brane protein of early endosomes (Sorkina et al., 1999).
Our data show that HTN completely colocalizes with
EEA-1 at 90 min postinfection, indicating that the virus
targets early endosomes. Distinct EEA-1 colocalization
at 90 min has also been observed with parvovirus and
certain adenovirus subtypes (Miyazawa et al., 2001;
Parker and Parrish, 2000). However, this is much longer
time than colocalization with endosomal marker would
be expected for cellular ligands such as transferrin or
epidermal growth factor (Kornilova et al., 1996; Puertol-
lano et al., 2001), implying a specific, slow endocytic
trafficking event for these viruses. This suggests that
although HTN rapidly enters cells within vesicles, the
majority of particles remain within the endosomal com-
partment for up to 90 min after uptake and may be only
gradually trafficked to another compartment. Consider-
ing the colocalization of HTN with the lysosomal marker
LAMP-1 at 4 h postinfection, we conclude that HTN
finally reaches late endosomes or lysosomes. This ob-
servation is consistent with a mode of entry similar to
that described for enveloped Semliki Forest virus, in
which the virus is endocytosed in endosomes. Exposure
to the mildly acidic environment of endosomes causes
conformational changes within the spike protein, trigger-
ing a fusion of viral membranes and endosomal mem-
branes, which releases the nucleocapsid into the cyto-
plasm (Garoff et al., 1994; Kielian, 1995). Thus, we hy-
pothesize that HTN also undergoes the conformational
changes associated with membrane fusion activity at
endosomes or lysosomes, which might be an essential
process during the infectious life cycle of HTN. In fact,
we found that the targeting of HTN to these acidic com-
partments is necessary for HTN infection since lysoso-
motropic agents such as NH4Cl and chloroquine com-
pletely block viral protein synthesis. Although we do not
provide information as to where the release of the RNA
genome could take place, these data suggest that inter-
nalization of HTN capsids in early endosomes is not
sufficient for the initiation of a productive replication
cycle and that the viral genome may be released at the
late stages of the entry process, at least beyond early
endosomes.
MATERIALS AND METHODS
Cells and viruses
The monkey kidney cell line Vero E6 was grown in
Dulbecco’s modified eagle medium (DMEM) (Life Tech-
nologies, Rockville, MD) supplemented with 10% heat-
inactivated fetal bovine serum (HyClone, Logan, UT),
penicillin (50 U/ml), and streptomycin (50 g/ml).
HUVECs were purchased from BioWhittaker (Walkers-
ville, MD) and maintained in EBM-2 (BioWhittaker) me-
dium containing 0.1% endothelial cell growth factor. HeLa
cells expressing the tetracycline-inducible dynamin mu-
tant (K44A) were generously supplied from Sandra
Schmid (Scripps Research Institute at San Diego, CA)
These cells were grown in DMEM containing puromycin
(400 ng/ml) and tetracycline (2 g/ml) and maintained in
a 5% CO2 incubator at 37°C. For all experiments, Han-
taan virus was cultivated in biosafety level 3 facilities.
Hantaan virus strain 78-116 (HTN) was propagated in
Vero E6 cells, which had been infected with HTN at a
m.o.i. of 0.5. After 7 days, cultured viral supernatants
were harvested, and debris was removed by centrifuga-
tion at 7900 g for 30 min. Viruses were concentrated
using Centricon Plus-80 (Millipore, Bedford, MA) filter
cups according to the manufacturer’s instructions.
Briefly, we used a sample filter cup to centrifuge 50 to 80
ml of cultured virus supernatant at 3500 g for 20 min and
then centrifuged the inverted unit again at 1000 g for 5
min. Concentrated virus aliquots were stored at 70°C
until use.
Antibodies
HTN nucleocapsid-specific antibody and rat anti-HTN
antisera were generated as described previously (Kang
et al., 1999). Rabbit anti-EEA-1 antibody was kindly pro-
vided by Harald Stenmark (The Norwegian Radium Hos-
pital, Oslo, Norway). Mouse monoclonal anti-human
LAMP-1 antibody was purchased from DBSH Hybridoma
Center (University of Iowa). Clathrin heavy chain antibody
was purchased from Transduction Laboratories (Lexing-
ton, KY) and FITC- or Texas red-conjugated secondary
antibodies were purchased from Jackson ImmunoRe-
search Lab. -Actin antibody, FITC- or Texas red-conju-
gated cholera toxin B subunit, chlorpromazine, filipin,
PMA, and FITC- or Texas red-conjugated transferrin were
purchased from Sigma (St. Louis, MO) or Molecular
Probes (Eugene, OR).
Infection and immunofluorescence
HeLa cells grown on glass coverslips were infected
with HTN at a m.o.i. of 10. For inducing expression of the
wild-type or K44A mutant dynamin, HeLa cells were
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cultured without tetracycline for 48 h. Cells were plated
on coverslips to 50% confluency, washed twice with
serum-free medium, incubated with HTN for 90 min at
37°C, and washed once with serum-free medium. Cells
were incubated for 30 h after infection. At 40 min before
terminating the virus growth period, 100 l of 35 g/ml
Texas red-conjugated transferrin was added to the me-
dium to label cells for their endocytosis phenotype. Cells
were washed three times in cold phosphate-buffered
saline (PBS) and fixed with 4% (w/v) paraformaldehyde
for 1 h, and residual aldehyde was quenched by treat-
ment with 50 mM NH4Cl for 5 min. The fixed cells were
permeabilized with 0.02% saponin and reacted with anti-
HTN nucleocapsid antibody for 1 h at room temperature.
The coverslips were washed in PBS and then incubated
with FITC-conjugated goat anti-rabbit antibody. After a
1-h incubation, the slides were washed in PBS at least
three times and mounted in Antifade Reagent (Bio-Rad,
Hercules, CA). Data from the experiment with wild-type
and mutant dynamin were obtained by direct inspection
of the coverslips. Expression of the wild-type HA-tagged
dynamin or the K44A mutant HA-tagged dynamin was
identified by immunofluorescence labeling and then
evaluated for infection by counting the HTN-positive
cells. For each experimental point, at least 900 cells
were scored.
Inhibition of entry
Vero E6 cells growing on coverslips were incubated at
37°C with chlorpromazine (5 g/ml) for 30 min or su-
crose (0.45 M) for 10 min to inhibit the formation of
clathrin-coated pits (Heuser and Anderson, 1989; Oka-
moto et al., 2000). To block the caveolae-dependent path-
way for entry, we added PMA (10 M in dimethyl sulfox-
ide) or filipin (1 g/ml in dimethyl sulfoxide) to cells for 45
min at 37°C (Henley et al., 1998; Oh et al., 1998). Control
cells were incubated in medium with or without dimethyl
sulfoxide. The cells were incubated in the continued
presence of these drugs with HTN (m.o.i. of 10) and/or
FITC-conjugated transferrin or FITC-conjugated cholera
toxin for 45 min at 37°C. The cells were then washed
three times in serum-free medium and incubated with a
neutralizing concentration of rat anti-HTN serum. The
efficiency of virus entry was analyzed by counting the
number of positive cells by immunofluorescence micros-
copy at 30 h postinfection. Data were represented by the
percentage of infection, which was calculated as the
number of infected cells divided by the total number of
cells counted multiplied by 100.
Metabolic labeling, immunoprecipitation, and Western
blot analysis
We metabolically labeled cells with methionine using
previously described procedures (Lee et al., 2000).
Briefly, after HTN infection, cells were methionine-
starved for 30 min in a methionine-free medium, labeled
for 1 h with 0.1 mCi/ml [35S]methionine (Trans-Label;
Amersham, Arlington Heights, IL), and harvested at the
indicated time points postinfection. For Western blot
analysis, cells were washed twice with cold PBS and
lysed with 1% Nonidet P-40 in PBS containing 1 g/ml
leupeptin and 1 mM phenylmethylsulfonyl fluoride. Su-
pernatants were obtained by centrifugation at 10,000 g.
For Western blot analysis, we separated samples that
contained equivalent amounts of protein by 12% SDS–
PAGE and transferred samples onto nitrocellulose mem-
branes. These membranes were incubated for 1 h with a
1 to 1000 dilution of the HA-specific antibody (12CA5
mAb), a 1 to 3000 dilution of the anti-nucleocapsid anti-
body, or a 1 to 2000 dilution of the anti--actin antibody.
After washing with PBS/0.1% Tween 20 three times, we
incubated membranes with the corresponding horserad-
ish peroxidase-conjugated secondary antibodies for 1 h
at 37°C, washed excess antibody three times with PBS/
0.1% Tween 20, and used the Super signal chemilumi-
nescence substrate (Pierce, Rockford, IL) to visualize
proteins.
Lysosomotropic drug treatment
Ammonium chloride and chloroquine (Sigma), both
known to neutralize low-pH organelles, were used to
study the importance of organelle acidity for HTN infec-
tion. Cells were pretreated with 50 or 100 mM ammonium
chloride or 100 M chloroquine for 30 min and then, in
the presence of the respective drug, cells were infected
with HTN for 45 min at 37°C. At 30 h postinfection,
immunofluorescence-positive cells were scored and
data were represented by percentage infectivity.
Confocal microscopy
Vero E6 cells and HUVECs were plated at 30% conflu-
ency onto coverslips in 12-well plates. HTN was allowed
to bind to cells at 4°C for 1 h, and the cells were infected
(m.o.i. of 100 to 1000) at a shift to 37°C. The cellular
localization of proteins was analyzed after fixing cells for
30 min with paraformaldehyde (4.0%). The fixed cells
were permeabilized with 0.1% Triton X-100 and pro-
cessed for immunofluorescence microscopy by a 1-h
incubation at room temperature with the anti-HTN nu-
cleocapsid antibody and either anti-EEA-1 or anti-
LAMP-1, followed by incubation with the appropriate sec-
ondary antibodies. We used a Zeiss Axiophot micro-
scope equipped with Bio-Rad confocal optics to obtain
all confocal images.
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